A method for a pump-integrated estimation and control of the fluid level in open storage tanks is proposed. Automatic control with a variable speed pump can reduce the energy consumption significantly, compared to fixed speed solutions. The proposed method uses only sensors that are by default integrated into the pumping unit. The modeling and tuning effort is higher than for fixed speed solutions, however. We outline automatic procedures for process identification and controller synthesis that reduce the user workload to a minimum and therefore can be expected to increase the level of acceptance of an energy efficient automatic control solution despite the added complexity.
INTRODUCTION
The field of application of fluid level control ranges from simple tanks that should always contain a certain amount of water (e.g. private irrigation tanks) to huge power plant boilers. While large scale applications are often equipped with process control systems and run completely automatic, smaller applications often lack an automatic control solution, which may lead to a considerably reduced energy efficiency (cf. Section 2.1). Even though fluid level control is a popular example in basic control courses, the necessity to tune an automatic controller is an obstacle for many practitioners. The added expense of sensors render automatic control more unpopular. However, since approximately 16% of the overall energy consumption in the service sector in the European union is induced by pumping systems and a large fraction of this by low power pumping systems up to 30 kW, control solutions that increase the efficiency inherit large energy saving potential (Ferreira et al., 2003) .
In Section 2 we give a brief overview of fluid level control configurations. We focus on pump based level estimation in section 3. Section 4 and 5 describe automated algorithms for process identification and controller synthesis, where Section 5.1 reviews an existing controller synthesis method that can handle the special characteristics of the identified process model. A validation of the proposed methods is given in Section 5.2, followed by a brief conclusion in Section 6.
All results contained in the following sections were measured on a test setup similar to the scheme in Fig. 3 using industrial standard components. The pumping unit consists of a low speed radial pump (KSB Etanorm G32-⋆ This research was funded by the Deutsche Bundesstiftung Umwelt DBU.
125.1), a standard 0.55 kW squirrel cage induction motor and a frequency converter (KSB "PumpDrive"). The average pipe system diameter is D = 32 mm with a total length of l = 4 m and the storage tank surface A tank measures 0, 55 m 2 . We assume water under standard conditions (20
• C, no air inclusion) as fluid, with standard values for fluid density ρ, dynamic viscosity ν and gravity g. The storage tank is equipped with a continuous hydrostatic pressure based level measurement L mes , used for performance evaluation.
TYPES OF FLUID LEVEL CONTROL
Among the variety of level control applications we focus on open storage tanks that are fed by a variable speed centrifugal pump through a floor mounted connection.
Constant overflow without automatic control
If one fixed level setpoint is sufficient, using an overflow is a common solution to keep a certain fluid level. This simple solution obviously works with a constant speed pump (see Fig. 1 ). This method does not require any sensor or controller and is therefore simple and robust. In particular it is cheap, because no frequency converter is needed. However, the constant overflow results in a significantly reduced energy efficiency (see Fig. 2 ), since the pump is running with constant speed even if no fluid is drawn from the tank (q out = 0, q overf low = q in in Fig.  1 ).
External level measurement
If a continuous external level measurement in the storage tank is available, a variable speed pump can be used to control the fluid level. In case no fluid is drawn from the tank (q out = 0), the rotational speed of the pump is controlled down to a minimum speed that is sufficient to keep the desired level. Since the power demand of a typical centrifugal pump reduces approximately to the power of three with the rotational speed (Gülich, 2010) , this method may lead to a remarkably reduced energy consumption during phases with low outflow q out , compared to the constant overflow method. Alternatively, a discrete level control around one fixed setpoint can be implemented with a single binary sensor. The pump is switched on and off repeatedly in this case, which leads to a constant oscillation of the fluid level around the sensor. While this method is simple, robust and easy to integrate into an operating plant, it results in high stress on the pumping system due to the repeated switching.
The left diagram in Fig. 2 shows the relative power consumption of the three level control solutions described above. Clearly, the continuous level control provides the highest energy efficiency. It comes with two drawbacks, however. An additional sensor and signal transmission are necessary, and it requires the configuration and tuning of a level controller. The latter reason is an obstacle in particular in small scale applications even if only basic control theory knowledge is required. It is the purpose of this paper to present a pump-integrated sensor and controller configuration that can automatically set itself up for automatic level control. We claim this solution will increase the acceptance of automatic level control solutions.
PUMP BASED LEVEL ESTIMATION
The pressure measured at the pumps discharge side p D (t) consists of a static and a dynamic part: 
which accounts for the fluid level in the storage tank L(t) and the offset height L 0 between the storage tank and the pump (cf. Fig. 3 ). The dynamic pressure p D,dyn (t) depends on the flow rate q(t) and the fluid friction in the pipe system and is further discussed in Section 3.2. Using only a discharge pressure measurement, the fluid level L(t) can be calculated correctly from (1) and (2) 
Uncompensated level estimation
Uncompensated level estimation may be used if the friction losses in the pipe system between the pumping unit and the storage tank are sufficiently small (
and equations (1) and (2) yield
While attractive since only p D (t) has to be measured, uncompensated estimation is limited to hydraulic processes with short and well dimensioned piping between pump and storage tank. Increased fluid friction leads to an erratic level estimation, which causes a poor control performance (cf. Fig. 10 ).
Compensated level estimation
If p D,dyn (t) cannot be neglected, (3) must be replaced by
and the dynamic pressure p D,dyn (t) has to be determined to calculate L est (t). The relation between the discharge pressure p D (t) and the flow rate q(t) is known as process curve. The lower diagram in Fig. 5 shows a typical process curve with a constant static part p D,stat (t) and a dynamic part p D,dyn (t) that increases with the flow rate q(t). The shape of the process curve is influenced by the Reynolds number Re(t) =
4·q(t)
D·π·ν and the pipe parameters. A constant friction factor ζ is often used to calculate p D,dyn (t) for simplicity (Gülich, 2010) :
This leads to a poor approximation of the process curve for low Reynolds numbers (Re < 10 7 ), however, which is illustrated in the right diagram in Fig. 2 . A more detailed law was developed by Weisbach (1845) and Darcy (1854) : 
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proposed by Colebrook (1939) . Several approximations for (6) exist that avoid solving a nonlinear equation, a commonly used approximation was developed by Swamee and Jain (1996) (cf. Fig. 2 ). Williams and Hazen (1933) derived an approximation that directly calculates p D,dyn (t) and holds for water under standard conditions:
The above form is valid for SI units, with C being the capacity factor which has to be adjusted according to the inner pipe surface quality. Since all three pipe parameters C, D and L have to be estimated, a condensed form of (7) can be used:
(8) The right diagram in Fig. 2 compares the average error of the discussed process curve approximations for the test setup described in section 1. Obviously, the calculation of p D (t) with a fixed friction factor ζ according to (5) leads to large errors (due to a low Reynolds number). We use the condensed Hazen-Williams equation (8) in the remainder of the paper, because it provides a good approximation. We note, however, that the Hazen-Williams equations may be imprecise if the fluid velocity varies more strongly than here (Allen, 1996) . In this case (6) should be used instead. We stress the current level L est (t) can only be determined with (4) if the flow rate q(t) is known, since q(t) is needed to calculate p D,dyn (t) according to (8). Any solution that requires an additional flow rate sensor is ruled out, however, due to its additional cost. As a remedy, we estimate q(t) with a method proposed in Leonow and Mönnigmann (2013) . This method can be applied to any pump that is equipped with a differential pressure and motor current measurement. We briefly illustrate that a sufficient estimation of q(t) results with the lower diagram in Fig. 6 and refer to Leonow and Mönnigmann (2013) for details. The flow rate estimation used in Fig. 6 is based on differential pressure measurement only and therefore shows increased errors during low flow rates as well as a minor steady state error during higher flow rates, which is caused by signal quantization errors. However, the minor steady state error does not affect the control performance significantly. In the following we denote the estimated flow rate q est (t) as q(t) for simplicity.
AUTOMATIC PROCESS IDENTIFICATION
The purpose of the process identification step is twofold. It is needed to determine the coefficient C 1 in (8), which describes the friction losses in the pipe system. Secondly, the identification is required to determine a dynamic process model for the automatic controller synthesis. A Wiener-like structure is used to separate the static nonlinearities from the linear dynamic relations (cf. Fig.  7) . We assume the following conditions are met:
• 
Data acquisition
The identification algorithm can be divided into a data acquisition phase and a process modelling and controller synthesis phase. The data acquisition, which is outlined in Fig. 4 , is carried out automatically and designed for minimal user intervention. The user is required to close the storage tank outflow valve (q out = 0) and to specify the current fluid level L(t start ) and the offset height L 0 (cf Fig. 3) . The cross-sectional area A tank may either be specified by the user or determined automatically.
Througout the data aquisition process, which proceeds as follows, the discharge pressure p D (t) and the estimated flow rate q(t) are recorded. The pump is started at a rotational speed of n = 0, 8n max to clear the pipe system from possible air inclusions that may influence the measurement. After the fast process dynamics have settled, a rotational speed step n = 0, 8n max to n = 0, 5n max (first operating point OP 1) is performed followed by a second step from n = 0, 5n max to n = n max (second operating point OP 2) that is carried out after the new steady state has been reached. Representative step responses of p D (t) and q(t) are shown in Fig. 6 .
If it has not been specified by the user, A tank is determined after reaching OP 2. The rotational speed is continuously decreased until q(t end ) = 0 for this purpose (gray box in Fig. 4 ). Since q(t end ) = 0 implies p D (t end ) = p D,stat (t end ), Equation (3) applies and yields 
Nonlinear static process model
Equations (4) and (8) constitute a simple nonlinear process model. We estimate the unknown constant C 1 in (8) from the time series recorded for p D (t) and q(t) by solving the unconstrained nonlinear least squares optimization problem
where t i denotes the sampling times. The upper diagram in Fig. 5 shows a reasonable correlation between the estimated level L est (t) (9) and the direct level measurement L mes (t). The lower diagram shows the calculated pressure loss p D (t) (8) with the estimated value for C 1 .
Linear dynamic process model
It remains to derive linear dynamic models for p D (t) and q est (t). Many hydraulic processes can be approximated sufficiently accurate by i-order linear models, where the order of the model depends on the process and sensor dynamics. An additional time delay is often caused by the sensor hardware and the controller interface. A reliable and robust fitting method for i-order systems that can also be used to calculate the order of the system was developed by Schwarze (1962) . Applying this method to the step responses of p D (t) and q est (t) logged during the 
and to a 5th order system describing the flow rate q(t) = q est (t):
The upper diagram in Fig. 6 shows the reference system (11) plotted together with the measured discharge pressure. 
Automatically identified plant model
We obtain the plant model shown in Fig. 7 by combining the nonlinear static model from Section 4.2 and the linear dynamic models from 4.3. The upper path in Fig. 7 consists of the dynamic model (11) for the uncompensated discharge pressure p D (t). The lower path is a Wiener model that is composed of the dynamic model (12) for the flow rate q(t) and the static model (8) for p D,dyn . The remaining parts of the system in Fig. 7 implement (4). IFAC DYCOPS 2013 December 18-20, 2013 . Mumbai, India of L est is caused by the parallel structure of the model (Fig. 7) and the slightly different dynamics of p D (t) and q(t) (cf. (11) and (12)). The aim of the following section is to find a stable controller for the estimated level L est (t), which is clearly different from a simple direct level measurement (cf. Fig. 8 ). While a slow PI-controller is desired (and sufficient) for most fluid level control applications, control of the estimated level is more demanding and will require at least PID-control to reach the performance of the competitive direct level measurement.
CONTROLLER SYNTHESIS AND VALIDATION
We choose a PID controller of the form
since it is widely available in modern frequency converters. Some background information on the method used for controller synthesis is given in Section 5.1. Section 5.2 summarizes the results of the controller synthesis.
Robust PID design for time delay systems
Despite the simplicity of the controller (13) 
Validation of the proposed control methods
The methods summarized in Section 5.1 apply to linear plants with delays. Since the model shown in Fig. 7 is nonlinear, we apply the robust synthesis method proposed by Hohenbichler (2009) to two limiting points of operation and derive controller parameters from these two points. The first limiting case considered is the point of operation that corresponds to q(t) = 0 and negligible p D,dyn . In this case the controller synthesis is carried out with the Laplace transform of (3), i.e.
whereL est andn denote the transforms of L est (t) and n(t), respectively. The second limiting case is the one that corresponds to q(t) = q max and a strong influence of p D,dyn . In this case the method proposed by Hohenbichler (2009) is applied to the Laplace transform of (4), i.e.
where the factor K q results from the linearization of the nonlinear static model (8) at q = q max . Each point of operation results in a set of stabilizing controller parameters (cf. Fig. 9 ). We choose controller parameters from the intersection of these two sets. More precisely, we select parameters that are located centrally with respect to the K P values of the intersection and at the center of gravity in the set in K D -K I plane at this K P value. This particular choice within the intersection is more or less arbitrary, though the distance to the stability boundaries increases robustness against model uncertainties. The right diagram in Fig. 9 corroborates that this choice of controller parameters is reasonable in the sense that it results in a low value of an uniformly weighted LQR cost function
where L * denotes the steady state setpoint value of a unit step, in the set of stabilizing controller parameters. As a IFAC DYCOPS 2013 December 18-20, 2013 . Mumbai, India result, the control error as well as the control action are low (though not necessarily minimal). Fig. 10 . Setpoint tracking and disturbance rejection behaviour of the proposed control using external measurement, compensated and uncompensated estimation closed (q out = 0) at time t = 0. While the external measurement and the compensated estimation variants show a reasonable setpoint tracking behaviour, the uncompensated control is not able to minimize the control error due to the high fluid friction that leads to an overestimation of L est (t). At time t = 650 s the outflow q out is increased. While the best disturbance rejection is achieved with the external measurement, the compensated estimation variant reacts more slowly but is also able to compensate the disturbance. The uncompensated estimation fails in this case, leading to an empty storage tank after approximately 350 seconds.
CONCLUSIONS
Despite a great potential to save energy, automatic controllers for pumps are not widely accepted. Two reasons for this lack of acceptance are as follows: (i) Automatic control requires measurements and sensors that are not always available.
(ii) Automatic controllers require tuning which -despite the simplicity from a control engineers point of view -is an obstacle in many practical applications. We show that the need for additional sensors can be overcome with soft sensing, and that the controller tuning can be carried out automatically for the typical application of pump based level control. We claim both the automatic parameter estimation and automatic controller tuning step are simple enough to be implemented on an embedded control hardware and integrated into the pump. We anticipate that a smart pump of the envisioned type will help to reduce the power consumption of pumps in the future.
